Introduction
Hyperrecombinogenic phenotypes are known to be deleterious and generally lead to chromosomal instability. The prototypical disease associated with hyperrecombination is Bloom's syndrome (BS). The Bloom protein (BLM) is a RecQ helicase that functions in DNA replication, DNA repair and RNA-Polymerase IIdependent transcription (Chakraverty and Hickson, 1999; Mohaghegh and Hickson, 2001) . It is interesting to note that many of the phenotypes of BS overlap with the autosomal recessive pleiotropic disease Ataxia Telangiectasia (A-T) including cancer predisposition, immunodeficiency, growth retardation and infertility. In BS, these phenotypes are thought to be due to the lack of the helicase function resulting in inherent genomic instability as demonstrated by the high frequency of homologous recombination (HR) events, particularly sister chromatid exchanges (SCEs) and an elevated rate of somatic mutation (German, 1993 (German, , 1995 . In contrast, the same disease phenotypes in A-T are thought to arise from a loss of ATM kinase activity and disrupted signaling to proteins such as p53, chk2 and DNA-repair proteins resulting in cell cycle checkpoint defects and impaired DNA repair.
ATM is rapidly activated by DNA double strand breaks (DSBs), which can be repaired by nonhomologous end-joining (NHEJ) or HR pathways. Several proteins have been identified that are essential components of the NHEJ repair mechanism, among which are the catalytic subunit of DNA-PK, associated with the Ku70/Ku80 dimer and the DNA-ligase IV/XRCC4 complex. HR is thought to be the dominant DSB repair pathway in yeast, while both NHEJ and HR are important for DNA repair in higher eukaryotes. HR requires the undamaged sister chromatid or sister chromosome to repair the broken DNA molecule and is mediated by a group of conserved genes of the Rad52 epistasis group, including Rad51, Rad52 and Rad54. In vitro, Rad51 catalyses the strand exchange reaction in an ATP-dependent manner, which is mediated by interaction with Rad52 and Rad54 (for a review see Jackson, 2002; Symington, 2002) . It was recently shown that Rad52 also interacts with the WRN helicase, the gene affected in the premature aging disorder Werner syndrome (Baynton et al., 2003) . Rad52 repair foci colocalize with DSBs in vivo in yeast with one foci recruiting multiple DSBs (Lisby et al., 2003) . Furthermore, the structure of the single-strand annealing domain of human Rad52 was shown to form an 11-subunit ring (Kagawa et al., 2002; Singleton et al., 2002) . The Rad54 protein cooperates with Rad51 in the homologous DNA pairing reaction and is involved in the dissociation of Rad51 from nucleoprotein complexes formed on dsDNA (Sigurdsson et al., 2002; Solinger et al., 2002) .
Mice with mutations in HR genes have been generated and include Rad51, Rad52 and Rad54 (Tsuzuki et al., 1996; Essers et al., 1997; Rijkers et al., 1998) . Rad51 deficiency leads to early embryonic lethality, whereas Rad52À/À and Rad54À/À mice are both viable and fertile. Rad52À/À and Rad54À/À mice show a reduced frequency but not a complete inactivation of HR and only Rad54-deficient mice are sensitive to IR. Furthermore, mice deficient in NHEJ repair genes have been crossed with AtmÀ/À mice. These studies have shown that targeted disruption of the Atm gene causes early embryonic lethality in Ku-or DNA-PKcsdeficient mice, suggesting an NHEJ-independent function of DNA-PK (Sekiguchi et al., 2001) . In contrast to the embryonic lethality found in the double mutants described above, loss of ATM or p53 rescues the embryonic lethality and neuronal apoptosis of both DNA Ligase IV-and XRCC4-deficient mice (Gao et al., 1998; Lee et al., 2000) .
In this study, we tested the hypothesis that excessive recombination might be responsible for the overlapping phenotypes in A-T and Blooms in vivo. It is well established that AtmÀ/À mice and ATM-deficient cells have an increased frequency of intrachromosomal recombination (Meyn, 1993; Luo et al., 1998; Bishop et al., 2000 Bishop et al., , 2003 . We reasoned that by decreasing recombination, we might be able to modify the phenotype of AtmÀ/À mice. Therefore, we crossed AtmÀ/À mice with mice deficient in the HR protein Rad52 (Rijkers et al., 1998) and analysed the resulting phenotype of Atm/Rad52 double mutant mice. We show here that genetic deletion of Rad52 increases the latency to develop T-cell lymphomas (TCLs) in AtmÀ/À mice resulting in an increased life span of the double mutant mice. Furthermore, AtmÀ/À Rad52À/À mice have more mature T-cells in the periphery than AtmÀ/À mice. Other phenotypes including growth defects, chromosomal instability, infertility and radiosensitivity were not rescued, suggesting that aberrant HR does not contribute to these phenotypes.
Results
Reduced tumorigenesis and increased life span of AtmÀ/ÀRad52À/À mice Virtually all AtmÀ/À mice succumb to aggressive TCLs early in life ultimately leading to death between 3-6 months of age (Barlow et al., 1996) . Therefore, we analysed the development of thymic tumors by killing AtmÀ/À and AtmÀ/À Rad52À/À mice at different ages ( Figure 1a) . As previously described, AtmÀ/À mice rapidly developed aggressive TCLs early in life, with half of the mice displaying tumors at about 18 weeks of age. In contrast, AtmÀ/À Rad52À/À mice rarely developed TCLs at all and most of the mice remained tumor free. These data show that AtmÀ/À Rad52À/À mice both have a delayed onset and a significantly reduced incidence of tumors. Surprisingly, loss of Rad52 had a suppressive effect on tumor formation.
Based on our findings of decreased and delayed tumor incidence in AtmÀ/À Rad52À/À mice, we speculated that this should result in a higher life expectancy of the double mutant mice. We therefore analysed the longterm survival of a separate cohort of AtmÀ/À and AtmÀ/À Rad52À/À mice ( Figure 1b ). On average, AtmÀ/À Rad52À/À mice live much longer than AtmÀ/À mice and can reach an age well over 1 year. The median survival time for AtmÀ/À mice was 16 weeks compared to 33 weeks for AtmÀ/À Rad52À/À mice. Necropsy revealed that a few double mutant mice still develop thymic tumors, but due to the reduction and delayed onset of tumor formation they display an increased life span. Taken together, these results show that loss of Rad52 increases the latency of TCLs in AtmÀ/À mice, indicating a role for Rad52 in promoting tumorigenesis of AtmÀ/À mice.
The phenotype of reduced TCLs in AtmÀ/À Rad52À/À mice led us to investigate if Rad52-deficiency affected other aspects of the T-cell phenotype seen in AtmÀ/À mice. We performed flow cytometric analysis of thymocytes and splenocytes derived from normal and mutant mice and analysed the expression of the surface markers CD4, CD8 and CD3. Early committed T-cell precursors lack expression of the T-cell receptor (TCR), CD4 and CD8 and are termed double-negative thymocytes. After differentiation, immature T-cells express both CD4 and CD8 coreceptor molecules and following TCR rearrangement and positive selection, lineagespecific differentiation results in either CD4 þ or CD8 þ mature T-cells (for a review see Germain, 2002) . We have shown previously that AtmÀ/À mice display a reduction in mature CD4
þ or CD8 þ T-lymphocytes and an increase in immature CD4 þ CD8 þ cells relative to normal control mice (Barlow et al., 1996) . The abnormal development of T-cells in the thymus is unchanged in AtmÀ/À Rad52À/À mice. Both mutant mice display an increase in immature CD4 þ CD8 þ cells and a decrease in mature CD3
þ cells compared to wild-type mice ( Figure 2a and Table 1 ). It is important to note that many immature T-cells in A-T patients and AtmÀ/À mice undergo productive TCRa/b rearrangement and become functional T-cells. These cells can be detected in the spleen of AtmÀ/À mice, albeit at markedly reduced levels compared to wild-type mice ( Figure 2b , middle and right panel and Table 1 , Pr0.003). However, an increased number of functional T-cells was observed in the spleen of AtmÀ/À Rad52À/À mice compared to AtmÀ/À mice ( Figure 2b , middle and right panel and Table 1 ). The average number of CD3 þ CD4 þ cells in the spleen of AtmÀ/À mice was 13.69%70.63 compared to 19.26%72.55 in the AtmÀ/À Rad52À/À mice. The number of mature T-cells in AtmÀ/À Rad52À/À mice is not statistically different from the number in wild-type mice (26.6%70.94, P ¼ 0.0772). Similar data was obtained for CD3 þ CD8 þ cells. These results show that immunodeficiency of AtmÀ/À mice is partially rescued in a Rad52-deficient background as evidenced by improved maturation of T-cells.
Somatic growth and radiosensitivity of AtmÀ/À Rad52 À/À mice It is well established that AtmÀ/À mice are smaller and weigh less than their wild-type littermates (Barlow et al., 1996) . To verify these findings and to assess the role of Rad52, we weighed male wild-type, AtmÀ/À and AtmÀ/ ÀRad52À/À mice to examine whether impaired somatic growth of AtmÀ/À mice is rescued by loss of Rad52 (Figure 3a) . The body weights of both mutant mice (blue and red) are almost identical and significantly lower compared to wild-type mice (black). Both the single and double mutant mice weighed about 25% less than normal mice. This analysis shows that impaired somatic growth is a direct effect of Atm disruption and occurs independent of Rad52 function.
Additionally, we compared IR sensitivity of mice homozygous for Atm and Rad52 disruption to wild-type mice. In total, 37 mice were irradiated with a dose of 10 Gy and monitored for morbidity and mortality.
There was no significant difference between the survival of AtmÀ/À mice and AtmÀ/À Rad52À/À mice (Figure 3b ). Both mice were equally radiosensitive and succumb to acute radiation toxicity to the gastrointestinal tract within a few days after radiation. In contrast, wild-type mice died later, between 7 and 10 days postirradiation, consistent with bone marrow failure and subsequent infection. These results demonstrate that the IR sensitivity of AtmÀ/À mice is neither worsened nor rescued by loss of Rad52 function.
Discussion

Loss of Rad52 partially rescues tumorigenesis of AtmÀ/À mice
In this study, we have generated mice deficient in both the Atm and the Rad52 gene and analysed the resulting phenotypes of the double mutant mice. One of the hallmarks of A-T is the development of malignant thymic lymphomas. By reducing homologous recombination through genetic deletion of Rad52 gene, we were able to substantially decrease and delay the incidence of thymic tumors in AtmÀ/À mice (Figure 1a ). More than half of the AtmÀ/À mice developed tumors by 4 months of age compared to less than 20% of the AtmÀ/À Rad52À/À mice. A few of the double mutant mice still develop TCLs, but with a significantly increased latency resulting in an average increase in life span of about 2-3 months (Figure 1b) . These findings indicate that Rad52 function promotes the development of TCLs in AtmÀ/À mice. Interestingly, it was shown that V(D)J recombination by itself is not essential for lymphoma formation in an Atm null background, as AtmÀ/À mice deficient in the recombinase activating gene 1 or 2 (Rag1/Rag2) still succumb to T-cell lymphomas (Petiniot et al., 2000 (Petiniot et al., , 2002 .
It has been estimated that A-T patients have a 250-700-fold increased risk of developing lymphomas and leukemias, which are typically highly invasive and proliferative. These tumors show amplifications, deletions and translocations of chromosomal DNA, especially translocations of chromosomes 12 and 14 (Barlow et al., 1996; Liyanage et al., 2000; Petiniot et al., 2000) . It is well established that ATM has an important role in the maintenance of genomic integrity, which is apparent in a spectral karyotype (SKY) analysis of AtmÀ/À and Phenotype of AtmÀ/À Rad52À/À mice K Treuner et al AtmÀ/À Rad52À/À MEFs. It is conceivable that Rad52 reduces tumorigenesis by protecting genomic integrity in the absence of ATM. However, our studies have revealed that numerous chromosomal aberrations exist in MEFs of both mutant mice, demonstrating that chromosomal instability is not rescued in the absence of Rad52 (data not shown). Our observations rather suggest that genetic deletion of Rad52 results in a reduction of abnormally high levels of intrachromosomal recombination, which have been shown in ATMdeficient cells (Meyn, 1993; Luo et al., 1998; Bishop et al., 2000 Bishop et al., , 2003 . In one study, it was found that the spontaneous intrachromosomal recombination rates were 30-200 times higher in A-T fibroblast lines than in normal cells, whereas extrachromosomal recombination frequencies were near normal (Meyn, 1993) . Hyperrecombination is a specific feature of the A-T phenotype rather than a genetic consequence of defective DNA repair because xeroderma pigmentosum cell lines exhibit normal spontaneous recombination rates. The reduced frequency of HR in AtmÀ/À Rad52À/À mice might lead to a decrease and delay in cellular transformation events, which are required for TCL development.
Rescue of T-cell maturation in AtmÀ/À Rad52À/À mice
The FACS analysis has shown that the maturation defect of T-lymphocytes in AtmÀ/À mice was partially rescued by loss of Rad52. Both mutant mice displayed a similar increase in immature CD4 þ CD8 þ T-cells and a reduction in mature CD3 þ CD4 þ or CD3 þ CD8 þ T-cells in the thymus (Figure 2a and Table 1 ). It has been postulated that the defect in T-cell maturation is due to the compromised ability of AtmÀ/À T-cells to produce a functional TCR. Those CD4 þ CD8 þ T-cells that do not appropriately rearrange and express a TCR undergo apoptosis. However, many immature T-cells undergo productive TCRa/b rearrangement and become functional T-cells. These cells can be detected in the periphery of AtmÀ/À mice at reduced levels compared to wild-type mice (Figure 2b and Table 1, Pr0.00034). Interestingly, the number of mature T-cells in the AtmÀ/À Rad52À/À spleen was not statistically different than in wild-type mice, although the trend suggests a mild reduction in number. This indicates that Rad52 deficiency influences T-cell development in an Atm null background resulting in an increased latency of TCLs and an increase in the ability to mature and exit the thymus.
Somatic growth and IR sensitivity of AtmÀ/À Rad52À/À mice We investigated the somatic growth and radiosensitivity of both mutant mice. The analysis showed that AtmÀ/À and AtmÀ/À Rad52À/À mice weighed less than wildtype littermates and were phenotypically indistinguishable from each other (Figure 3a ). In agreement with these findings, AtmÀ/À and AtmÀ/À Rad52À/À MEFs showed impaired cellular growth in culture and became senescent after a few cell divisions (data not shown). Furthermore, we have demonstrated that the IR sensitivity of AtmÀ/À mice is not corrected after genetic deletion of Rad52 (Figure 3b ). In addition, the double mutant mice are infertile, indicating that the meiotic defect of AtmÀ/À mice is not rescued (data not shown). ATM function is also required for the arrest in cell cycle progression in the G1, S and G2/M phases. Using a flow cytometric assay that distinguishes G2 cells from mitotic cells, we have found that AtmÀ/À Rad52À/À MEFs display the same impairment in the activation of the G2/ M checkpoint after IR as AtmÀ/À MEFs (data not shown). In this context, we would like to point out that none of the classical A-T phenotypes analysed in this study are worsened by loss of Rad52. This is rather Taken together, our studies provide possible insight into an important mechanism of tumorigenesis in A-T, which is either caused or at least supported by excessive recombination. The finding of increased latency of thymic lymphomas has also been demonstrated for compound mutants doubly null in p21/Atm, Rag2/Atm and Terc/Atm (Wang et al., 1997; Petiniot et al., 2000; Wong et al., 2003) . A sensitized apoptotic response of tumor cells has been suggested as the responsible mechanism in p21/Atm mutant mice, whereas aberrant responses to DSBs have been implicated in the reduced frequency of tumors in Rag2/Atm mutant mice. Interestingly, the NHEJ-dependent process of V(D)J recombination was not an essential event in developing thymic lymphomas. In addition to these findings, our results provide evidence that excessive recombination is contributing to the development of TCls in AtmÀ/À mice, which can be partially rescued by genetic deletion of Rad52. Investigations in the link between homologous recombination and tumorigenesis will shed further light on this important aspect of the disease.
Materials and methods
Generation and maintenance of mice
All animal procedures were performed according to protocols approved by the Salk Institute for Biological Studies animal care and use committees. Albert Pastnick from Leiden University Medical Center, Leiden, The Netherlands kindly provided Rad52À/À mice. AtmÀ/À mice were generated and maintained as described (Barlow et al., 1996) . Compound heterozygotes for mutations in Atm (129S6/SvEvTac) and Rad52 (129/Ola strain) were used for breedings to generate control and AtmÀ/À Rad52À/À mice. Genotyping was performed from tail biopsies as described (Barlow et al., 1996; Rijkers et al., 1998) .
The presence of tumor was determined by following a total of 36 animals for evidence of tumors. The mice were killed and necropsied at different ages ranging from 9 to 33 weeks. A separate cohort of mice was used to determine long-term mortality. Animals were monitored for disease and animals that were severely moribund or found dead were necropsied to determine cause of death.
Weight measurements were performed on 56 animals (24 female, and 32 male mice) beginning at 2 weeks of age until 12 weeks of age. To assess IR sensitivity, 2-6-month-old sexmatched mice were irradiated with 10 Gy whole-body radiation using a Co-60 source at a dose of 1 Gy/min. The mice were checked daily for evidence of diarrhea, decreased activity, and morbidity. Moribund mice were euthanized.
FACS analysis of thymus and spleen
FACS analysis of the thymus and spleen was performed essentially as described with fluorescent-labeled commercially available antibodies against the CD4, CD8 and CD3 surface receptors (Pharmingen) (Barlow et al., 1996) .
Statistics
A w
2
-test was used to analyze the tumor formation data. A Kaplan-Meier test was applied for survival analysis of mice using StatView (version 5.0). P-values were calculated using a one-tailed t-test.
